I. INTRODUCTION
The formation mechanism of amino acids and polyols in the extraterrestrial atmosphere is an important question in biology, planetary astrophysics, and cosmology. The existence of a variety of important species can be traced to interstellar photochemistry taking place in interstellar molecular clouds. 1 Molecular building blocks consisting of simple carbon and nitrogen-based compounds form the basis for complex organic molecules which play a key role in terrestrial biology. Ultraviolet photolysis of these simple molecules is a fundamental mechanism for this process and understanding the steps leading to larger carbon-based systems is a challenge for interstellar chemistry. The most abundant molecules in the interstellar medium include H 2 , CO, and acetylene. A detailed understanding of photoinduced reactions, including direct dissociation and predissociative mechanisms, is implicit to completing the photoreactive scenario behind the formation of larger molecules such as sugars and amino acids. In this work we focus on the dissociation induced by photoabsorption in the ultraviolet region of acetylene and its deuterated isotope. There are very strong absorption bands in the 9-12 eV region of these molecules; the bands consist of overlapping Rydberg series and valence electronic states. The lifetimes of these states range from picoseconds to a few femtoseconds, even for states lying very close in energy. 2, 3 In the present experiment, we apply a time-resolved spectroscopic technique capable of monitoring dynamics on a femtosecond time scale to Rydberg and valence states in C 2 H 2 and C 2 D 2 using an ultrashort pump pulse at about 9.4 eV. These states lie in the Rydberg (3d-4s) complex at about 2 eV below the ionization threshold. The F 1 ⌺ u ϩ (3d g ) Rydberg state shows the strongest photoabsorption in this region. 4 All of the Rydberg transitions exhibit vibrational bands corresponding to excitation of the symmetric stretching mode 2 since the C-C triple bond is lengthened compared to the ground state. A weak excitation of the trans bending mode 4 is apparent in the F-X excitation, 5 arising from interaction with the nonlinear E valence state. These bands have been explored via photofragment action spectroscopy where lifetimes ranging from 60 up to 150 fs were reported. 3, 6 Here, we investigate the dynamics from the F 4 0 2 state and the E 4-5 0 2 state. The excitation scheme is shown in Fig. 1 : the dissociation dynamics are probed by a transition on to the ionic continuum by a probe pulse. 7, 8 The dynamics of the excited state are analyzed through time-resolved photoelectron spectroscopy ͑PES͒ and ion spectrometry. 9 There are only two dissociation channels open at the 9.4 eV pump energy. 10 CHϩCH and C 2 ϩH 2 channels are not open at 9.4 eV because the dissociation threshold is at a higher energy for the latter channel, while the former channel is accompanied by a high energy barrier. 12, 13 The density of states is generally high in molecules where close-lying electronic states have overlapping vibrational progressions. Complete selectivity in the excitation of a vibrational sublevel requires narrow bandwidth pulses. These stringent requirements are not always compatible with short pulse durations needed to time-resolve the dissociation dynamics. We illustrate the situation for the case in hand in Fig. 2 . The absorption spectra for acetylene and d-acetylene in the region of current interest are shown in the upper panels together with a Gaussian distribution of a pulse energy corresponding to two pump wavelengths, namely 1 ϭ132.2 nm (75 643 cm Ϫ1 ) and 2 ϭ132.0 nm (75 757 cm). Note that in acetylene the 1 pulse mainly excites the F 4 0 2 state, while the 2 pulse excites the F 4 0 2 state as well as the quasi-degenerate E 4-5 0 2 states. We use a frequency modulated ͑chirped͒ pump pulse. The Wigner diagram of such a pulse ͑at the central frequency 2 ) is shown as a contour plot in the lower panels of Fig. 2 : the time axis shows the duration of the pulse, and the dashed slope represents the instantaneous frequency of the pump field. The two states ͑indi-cated by the vertical lines in the figure͒ will be excited at different times as the pulse ''sweeps'' through the frequency range.
Each excited state will decay on an individual time scale. The interplay between the pump pulse and the molecular electronic states, analyzed by recording the pump-probe signal gives a fingerprint of the system. The molecule provides a time-energy benchmark: the energies and lifetimes of the excited states. If the photoelectron bands overlap in the resulting spectra, and if geometry changes occur during the photoionization, it is generally impossible to disentangle the time evolution of each excited state separately, even using energy-dispersive spectroscopy. To circumvent this problem, the pump pulse is frequency modulated ͑chirped͒ so that the moment when the frequency is resonant with the state, ''time zero,'' is different for each excited state. The linear sweep of the pump frequency provides a time-energy scale, which can be adjusted to match the time-energy benchmark of the molecule.
The concept of time-energy scale presented here deserves a thorough explanation. Consider a molecule which can be excited into states A and B by absorption of photons of the two different energies E A and E B , as indicated in the upper panel of Fig. 3 . In our experiment the overall, timeaveraged photon energy distribution in the excitation pulse is considerably broader than the energy separation between states A and B, see the lower panel of Fig. 3 . Both states A and B will thus be excited by the same pulse. In a timeresolved view, however, the photon energy distribution at any given time t x is narrower due to the chirp. As schemati- FIG. 2. REMPI ͑3ϩ1͒ spectra of ͑a͒ C 2 H 2 and ͑b͒ C 2 D 2 together with the pump spectra corresponding to the two different excitation wavelengths ͑dotted line 1 ϭ132.2 nm, solid line 2 ϭ132.0 nm). The Wigner representation of the pulse centered at 132.0 nm is plotted in ͑c͒ and ͑d͒. A positive linear chirp of Љϭϩ5330 fs 2 stretches the pump pulse from 50 to 300 fs FWHM. For both contour plots, the instantaneous frequency of the pump field, p (t), is indicated by the dashed line. cally shown in the middle panel, the ''chirp'' of the pulse can be described as a sweeping of the photon energy through the envelope of the time-averaged photon energy distribution. Excitation occurs when the photon energy matches the excitation energy and over a time corresponding to the absorption band. The A state will be excited at t 2 and the B state will be excited at t 4 . The ''chirp'' can thus be said to provide a time-energy scale, as states A and B are excited at different times. Any dynamic development of states A and B will thus be separated by this difference in starting time, greatly facilitating the analysis of the spectra. This makes it possible to extract the time-dependent signature for each state from the time-resolved PES. Deuterated acetylene provides a slightly different time-energy benchmark, with another response to the chirped pump pulse because of the longer decay times upon deuteration.
Another challenge of this experiment is the use of a femtosecond pump pulse in the vacuum ultraviolet ͑VUV͒. A number of techniques are now becoming available to produce short-pulsed, VUV radiation. Most of these techniques use nonlinear processes in a gas.
14 Recent time-resolved dynamic studies have been performed in the VUV and even XUV range 15 using cascade nonlinear wave mixing in a hollow fiber filled with a rare gas, 16 two-photon resonant difference-frequency mixing, 17 and high-order harmonic generation. 18 Refinement of the harmonic-generation technique has led to greater control over the pulse shape 19 and improvement of the pulse-generation efficiency in the VUV-XUV wavelength range shows great promise, in particular for the study of femtosecond dynamics in polyatomic molecules. In the present article, we use the third harmonic of an intense frequency-doubled titanium-sapphire laser as a pump pulse while the probe is taken from the frequency-doubled light.
The experimental setup is described in Sec. II. In Sec. III, we present the time-resolved PES for the two excitation wavelengths used and we compare our results to (3ϩ1) resonant enhanced multiphoton ionization PES ͑REMPI-PES͒ using nanosecond laser pulses. 5 The analysis of the photoelectron spectra and the time-dependent ion-yield spectra including the resulting dissociation lifetimes of the excited states is presented in Sec. IV.
II. EXPERIMENTAL SETUP
The general experimental setup is depicted in Fig. 4 . We use the 10 Hz terawatt laser at the Lund high-power laser facility to generate infrared pulses with 100 mJ energy, 110 fs duration, 792 nm central wavelength, and about 10 nm bandwidth. The 396 nm pulse used to generate high-order harmonics and the time-delayed 396 nm probe pulse are generated through frequency doubling in 1.5-mm-thick KDP crystals in a modified Michelson interferometer ͑see Fig. 4͒ . The pulsed infrared beam is divided into two beams ͑66% for the pump generation and 33% for the probe͒ by a beam splitter. A negative lens is inserted in one of the beam paths to focus the two pulses at different distances. A 1.5-mm-thick KDP crystal frequency doubles one of the pulses before they are recombined by a dichroic mirror, which transmits the infrared radiation and reflects the blue ͑396 nm͒ light. An identical KDP crystal doubles the other pulse, and finally the remaining infrared light is filtered away by a second dichroic mirror ͑not shown͒. A computer controlled translation stage with 1 m resolution controls the position of the end mirrors in one of the interferometer arms. This setup allows us to produce pairs of 396 nm pulses, and to control the delay between them. The output energies are 7 mJ for the pulse generating the harmonics and 1.5 mJ for the probe over a 3 cm diameter. A positive lens with a 2 m focal length is then used to focus the two beams. The first beam is focused under the nozzle of a xenon gas jet ͑point A in Fig. 4͒ to generate harmonics and the second ͑probe͒ beam is focused about 1.3 m from the jet ͑point B in Fig. 4͒ . The time-resolved experiments utilize the third harmonic ͑132 nm͒ as a pump pulse and a probe 396 nm pulse. The fifth harmonic ͑15.8 eV͒ by ionizing both the acetylene sample, and the rare gases, allows us to calibrate the photoelectron spectrometer energy scale and resolution, as well as to optimize and align the experimental setup. In the pump/probe experiments, this harmonic is eliminated by using a 3-mm-thick lithium-fluoride ͑LiF͒ window after the gas jet. LiF absorbs radiation below 105 nm ͑11.8 eV͒. The efficiency for third-harmonic generation in xenon gas is about 10 Ϫ6 , leading to a pulse energy of about 10 nJ at 9.4 eV.
The 396 nm pulse generating the VUV pump pulse is still present in the interaction area but we can disregard its influence in the present experiment for two reasons. First the power density in the interaction region is too low to ionize acetylene through multiphoton ionization, and second the dispersion in the LiF window introduces a significant time delay ͑several picoseconds͒ between the fundamental pulse and the third harmonic. With the LiF window, the sample is ionized only when the pump and probe pulses are properly synchronized. Note that the pump/probe signal can also be observed without the LiF window, but with a contrast of only 50% due to higher harmonics.
An additional source of information is the time-resolved ion-mass signal. The probe pulse is focused halfway between the ion and photoelectron spectrometers making the beam diameters and hence the overlap with the pump pulse the same for the two spectrometer source regions. Positive ions are collected in a 70 cm field-free time-of-flight tube and detected by an electron multiplier ͑EMT͒. The inevitable flow of xenon from the pulsed jet used for harmonic generation into the ion spectrometer is used as a cross-correlation monitor gas: when pump and probe pulses are synchronized, xenon atoms are ionized through a nonresonant two photonionization process.
The photoelectron spectrometer is a truncated hemispherical electrostatic analyzer with a 144 mm radius employing a four-element retarding lens and a two-dimensional multichannel detection system. The detector consists of a matched set of microchannel plates with a phosphor screen. The analyzer may be operated in fixed lens potential mode for a given pass energy, or the potentials can be swept through the kinetic energy region of the spectrum. Each event is recorded using a video camera and the integration of the signal is made on the camera and charge-coupled device array. This multichannel electron detection allows us to effectively compensate for the relatively low spectrometer transmission. There is an aperture and a slit between the gas cell and the lens making an effective acceptance angle of less than 0.05%. A second slit at the entrance to the analyzer makes an effective vertical acceptance angle of about 1°. The gas sample is ionized in a continuously pumped gas cell with a pressure of approximately 0.01 mbar. The background pressure is 3.0ϫ10
Ϫ8 mbar. For this experiment the spectrometer was run at a pass energy of 20 eV resulting in a nominal energy resolution of 50 meV. For these experiments the measured spectrometer full width at half maximum ͑FWHM͒ is approximately 100 meV. The difference between the optimal resolution and the measured value arises primarily from the ion cloud which builds up with each laser pulse. The space charge effects are severe in this case.
The spectral width of the 396 nm pulses is measured to be 2.5Ϯ0.1 nm (170 cm Ϫ1 ), which corresponds to a 90 fs Fourier-limited pulse. The temporal width of the pulse is longer than its Fourier transform limit, due to group velocity dispersion in different optical components ͑beam splitters, windows, crystals͒ affecting both the fundamental and frequency doubled pulses. In addition, the use of high energy pulses also leads to self-phase modulation in these optical components, which is much more difficult to control and estimate than group velocity dispersion. 20 After accounting for these effects, we estimate the pulse duration of the probe to be 260Ϯ30 fs, with a positive ͑approximately linear͒ chirp. The spectral width of the pump pulse can be estimated using perturbation theory to be larger by a factor of ) compared to the generating pulse. This produces a nominal pulse width of 290 cm Ϫ1 corresponding to a Fourier limited temporal duration of 50 fs. Since the laser field generating the harmonics is positively chirped, it is reasonable to expect a similar chirp of the harmonic pulse. 21 In addition, dispersion in the LiF window leads also to positive frequency chirp. The pulse duration and chirp of the pump ͑and probe͒ pulses are extracted from a multifit procedure where photoelectron and photoion pump-probe signals in C 2 H 2 and C 2 D 2 , as well as Xe ion cross-correlation data, are taken into account. This procedure is described in detail in Sec. IV.
The experiment was performed at two fundamental laser wavelengths producing slightly different harmonic energies: 1 ϭ132.2 nm ͑9.378 eV͒ and 2 ϭ132.0 nm ͑9.390 eV͒. These wavelengths were verified by comparing the photoelectron kinetic energies from the ns REMPI spectra 5 and the ones from the present fs pump-probe experiment. Referring to the upper panel of Fig. 2 we note that for both isotopes the 1 pulse initiates dynamics primarily from the F 4 0 2 Rydberg state in C 2 H 2 ͑2 quanta in the trans-bending modes͒ and from the E 5 0 2 valence state in C 2 D 2 ͑2 quanta in the cisbending modes͒. The other bands involved are excited with optical intensities less than 15% of the maximum. The 2 pulse, on the other hand, leads to excitation of two initial states: in C 2 H 2 , the F 4 0 2 Rydberg and the quasi-degenerate E 4-5 0 2 valence states are excited, while the E 5 0 2 and E 4 0 2 valence states in C 2 D 2 . In the case of excitation at 1 , the chirp of the pump pulse would be mainly visible through the rising edge of the pump-probe signal effectively prolonging the time during which the laser frequency is resonant. 22, 23 In the case of two excited states ͑at 2 ), a chirp will also cause the two states to be excited at different times since the pump frequency is in resonance with the two states at different times within the pulse. The Wigner representation of the 2 pump laser field is plotted in Fig. 2 ͑lower panel͒, assuming a linear frequency chirp as discussed above. Second-order dispersion Љϭϩ5330 fs 2 causes the temporal FWHM to increase from 50 to 300 fs, with the lower frequencies arriving first. The Wigner representation illustrates that this chirped pulse effectively excites the F 4 0 2 Rydberg state in C 2 H 2 about 300 fs before the E valence state. This difference in time is not large enough to be observed in an integrated signal like the ion signal, 24 especially when one optical transition is weaker than the other one. Excitation of two states with different energies is visible in the final-state photoelectron kinetic energies and this makes it possible to deduce the relaxation times separately for each excited state.
III. PHOTOELECTRON SPECTRA
In Fig. 5 , contour plots of photoelectron spectra of C 2 H 2 and C 2 D 2 using a pump wavelength at 1 ϭ132.2 nm ͓͑a͒ FIG. 5. In the upper part of the figure ͓͑a͒ and ͑b͔͒, the photoelectron spectra recorded at 1 ϭ132.2 nm at different pump-probe delays are presented as contour plots for both isotopes. The excited bands are ͑a͒ the F 4 0 2 Rydberg state in C 2 H 2 and ͑b͒ the E 5 0 2 valence state in C 2 D 2 . The intensity of the entire photoelectron spectrum varies with the pump-probe delay. In the lower part, the photoelectron spectra recorded at 2 ϭ132.0 nm ͑c͒ in C 2 H 2 and ͑d͒ in C 2 D 2 . For both isotopes, the PES contour plots show two main structures in energy with a clear difference in temporal dynamics.
and ͑b͔͒ or 2 ϭ132.0 nm ͓͑c͒ and ͑d͔͒, are presented as a function of the delay between the pump and probe pulses. The background spectra measured using only the 9.4 eV pump pulse and using only the 3.15 eV probe were subtracted from all photoelectron spectra. This background corresponds to only 10% of the signal maximum recorded around delay ''0.' ' The spectra excited with the 1 pulse show essentially one photoelectron band whose amplitude varies with the time delay ͓Figs. 5͑a͒ and 5͑b͔͒. The spectra measured after excitation with 2 for both isotopes are more complex ͓Figs. 5͑c͒ and 5͑d͔͒. These spectra appear to have at least two different features, which follow different temporal developments.
In Fig. 6 we present ͑a͒ C 2 H 2 and ͑b͒ C 2 D 2 PES excited at 1 . We have chosen the spectra at the time delay which results in the maximum photoelectron signal and we compare them to PES recorded in (3ϩ1) ns-REMPI plotted as a solid line. 5 These ns-REMPI PES have been recorded with a 30 meV total energy resolution, at resonance with ͑a͒ the maximum of the F 4 0 2 Rydberg state absorption band in acetylene and ͑b͒ with the maximum of the E 5 0 2 valence state in C 2 D 2 . The ns-REMPI spectra are broadened to the 100 meV FWHM measured on the fs-photoelectron spectrometer. We expect to see features arising from ionization of the same excited state in the fs and ns experiments, even though in the ns-REMPI spectrum, differences in measurement techniques result in narrower lines and a limited kinetic energy region since electron kinetic energies below 0.4 eV are not measured. Due to a similar geometry of the ground electronic states of neutral acetylene and its cation and to the fact that dissociated molecules cannot be ionized, the ns-REMPI spectrum contains the main features arising from zero time-delay pump-probe ionization. Therefore many of the features in the fs spectrum can be identified. The most intense peak in the spectrum ͑at ϳ0.9 eV) thus arises from the 2 4 Renner-Teller multiplet of the Rydberg F 4 0 2 state. In the C 2 D 2 spectrum the corresponding peak is assigned to the 2 5 band of the E 5 0 2 state. 5 For both isotopes, the weaker component at 1.1 eV is the adiabatic peak of the excited state. 25 At 1 , the pump pulse populates mainly one initial state. Since the total energy put into the system is identical for the ns and fs experiments, it is clear that the similarities between the two photoelectron spectra reflect the Franck-Condon factors for ionization from the excited state. Their difference at higher internal energy of the parent ion ͑i.e., lower kinetic energy of the emitted photoelectron͒ is mainly the imprint of the decay through the Franck-Condon region, as well as the signature of the continuum underlying this excitation range. We find no evidence for dynamical features in the spectra shown in Figs. 5͑a͒ and 5͑b͒. The photoionization involved here is not sensitive to any nucleus or electronic wave-packet motion since no photoelectron dynamics is visible on the contrary to Refs. 26 and 27. The most obvious reason for this is that the total energy (9.4 ϩ3.14 eV) is not sufficient for accessing excited states of the acetylene ion and that the resolution is not sufficient to resolve the Renner-Teller structure of the ionic ground state. 28 The first rules out observation of any ionization dynamics arising from a change of the electronic interaction in the neutral molecule, 29 while the second prevents observation of nuclear wave-packet dynamics. Figure 7 shows the C 2 H 2 PES recorded at the excitation wavelength 2 at a range of pump-probe delays. The two features pointed out in Fig. 5͑c͒ are clearly visible at 0.7 and 0.9 eV kinetic energy. We compare with the ns-REMPI spectra 5 for the same total energy, to identify the features. The F 4 0 2 Rydberg band identified in Fig. 6 is still visible at Ϫ90 fs pump-probe delay, while at 400 fs the photoelectron spectrum is mainly characterized by a ϳ0.7 eV peak. This is compared to the ns-REMPI spectrum in the same way as the previous spectra and identified as ionization of the quasidegenerate E 4-5 0 2 valence state. The difference of 200 meV observed between the main component of the two photoelectron spectra, while the Franck-Condon image will lead to a difference of only 25 meV observed on the excitation spectrum, is due to the combination of the nonlinear geometry of the E valence state and the Renner-Teller effect that underlies the photoionization. 5 The 2 excited fs spectrum is similar to the 1 spectrum for the F state and to the (3ϩ1) ns-REMPI spectrum at the energy of the E valence state. By doing such a comparison, all features in the spectrum are accounted for. The relative weights of these two features are clearly time-dependent and they decay with different lifetimes. In addition, the dynamic time-energy signature of the pulse interacting with the molecule will shift the dynamic behavior of these two features if they arise from excited states with different energies. This is because the time-energy scale of the pump pulse and the time-energy benchmark of the molecule are matched, as discussed further in Sec. IV. FIG . 6. For ͑a͒ C 2 H 2 and ͑b͒ C 2 D 2 , a femtosecond photoelectron spectrum ͑scatter plot͒ recorded at 1 is compared to the ͑3ϩ1͒ ns-REMPI photoelectron spectrum ͑solid plot͒ recorded at the maximum of the absorption bands in Fig. 3 , corresponding to ͑a͒ a F 4 0 2 Rydberg state in C 2 H 2 and ͑b͒ an E 5 0 2 valence state in C 2 D 2 . The ͑3ϩ1͒ ns-REMPI photoelectron spectra is convoluted by a 100 meV Gaussian for comparison with the fs photoelectron spectra. Figure 8 shows the time-resolved PES for C 2 D 2 recorded in experimental conditions identical to the C 2 H 2 case. Comparing the two sets of spectra we note that for short pump-probe time delays the features are similar: the lower energy level, the E 5 0 2 valence state, is excited first. The decay of this state is initiated while the pulse sweeps through to the next resonant excitation, namely the E 4 0 2 state. This higher-energy state dominates the photoelectron spectrum for longer pump-probe delays. The time features observed in Fig. 8 have been identified through the similarity of the fs PES and the ns-REMPI-PES for these valence states.
For both isotopes, the electronic state excited later in the pump pulse is also characterized by a set of Renner-Teller components which decay together showing no dynamical behavior. The photoelectron spectra can be simulated by using the ns-REMPI spectra as model features which simply decay on their respective time scales without including any dephasing time that would be a signature of a nucleus or electronic wave-packet motion. To summarize, from the 2 analysis of Fig. 7 ͑Fig. 8͒, we distinguish in C 2 H 2 ͑in C 2 D 2 ) the timedependency of the quasi-degenerate E 4-5 0 2 valence state (E 4 0 2 state͒ from the time-dependency of the Rydberg F 4 0 2 state (E 5 0 2 state͒ observed also at 1 . This allows us to deduce the ͑time dependent͒ relative weight of the excitations to the different states, which will be used in the temporal analysis presented below.
IV. TEMPORAL ANALYSIS

A. Description of the model
Keeping the basic spectral analysis in mind, we use the information in our set of spectra to deduce the lifetimes of the excited states and the temporal characteristics of the pump and probe pulses. The time-resolved Xe ion signal provides the cross-correlation time between the pump and probe pulses directly. The temporal dynamics of photoelectron spectra and the ion-yield spectra also depend on the lifetimes of the electronic states contributing to the spectra. Since we have already determined that wave-packet dynamics can be neglected, 30 we can treat the system using a simplified model. A three-level system consisting of the ground state, the excited state, which decays exponentially, and a final ͑continuum͒ state is sufficient. The large spectral width of the PES averages any effect due to a chirp of the probe. 31 Each pump-probe signal can be written as
in which e is the decay time of the excited state with energy ប e above the ground state. The final state lies ប f above the excited state. E p (t) and E s (t) are the Gaussian envelopes of the pump and the probe fields, respectively, defined as E i (t)ϭexp͓Ϫ2 ln (2) 
. ͑2͒
We introduce the resonant detunings ␦ p ϭ Lp Ϫ e and ␦ s ϭ Ls Ϫ f where Lp and Ls are the central frequencies of the pump and probe fields. Since the final state is in a continuum, the pump-probe signal is obtained by integrating S ␦ s (⌬t) over the probe spectral profile 2
The total signal takes the following expression: 
The instantaneous frequency of the pump field, p (t)ϭ Lp ϩ2␣ p t, is represented as a dashed line in the Wigner contour plots in Figs. 2͑c͒ and 2͑d͒ . The time dependence of the pump-probe signals appears in the exponential term and in the error function in Eq. ͑3͒.
In Fig. 9 Several features can be observed in Fig. 9 : For a given detuning, the maximum pump-probe signal ''lags'' after the zero time delay. Indeed, the population increases up to the ''end'' of the pump pulse. This time lag is reduced when the excited state lifetime is ultrashort compared to the pump pulse duration ͑pump-probe signal equivalent to the crosscorrelation͒ and for large positive detuning ͑and positive chirp͒. 32 This simulation can be used to understand the case of several transitions lying simultaneously within the laser bandwidth: The pump pulse excites them sequentially as the pulse frequency comes into resonance. The shift between the maxima associated to these two resonances is clearly observable. The overall pump-probe signal consists of the incoherent sum of the two contributions. Thanks to this shift, it can be easily analyzed, even when the lifetimes are of similar magnitude.
The point illustrated in Fig. 9 is that the pump pulse is defined by its time-energy scale: the chirp links the bandwidth and the duration of the pump pulse together. The pump-probe signal ties the time-energy scale of the pump and the time-energy benchmark of the excited state together. 32 Owing to the chirp imparted to the pump field, the pump-probe signal varies significantly as a function of detuning. 32 These are the direct result of the competition between the coherent transients defining the building-time of the population and the decay process. 32 This allows us in principle to fully characterize the time-energy benchmark, i.e., position of the resonance energy and the decay time. Conversely, for a fully characterized molecule, the behavior of the time-dependent signal should allow us to determine the central frequency and the chirp of the pump laser. In the present work, neither the chirp of the pump field nor the lifetime of the excited state are known exactly. However, we do know the resonance detuning. In addition, we have several pump-probe signals which depend directly on the chirp of the pump pulse. Note that since the final state is in the continuum, a chirp of the probe pulse does not provide a time-energy scale. It only decreases the time-resolution and hence attenuates the effect of the time-energy scale of the pump pulse. FIG. 9 . Simulated pump-probe signals from a ͑a͒ e ϭ300 fs or ͑b͒ e ϭ100 fs excited state for different detunings of the central frequency of the exciting pulse from the resonance frequency for the electronic state, ␦ p . The contour plot follows a grayscale with the lighter shade as the maximum of pump-probe signal. The chirped pump pulse duration is 300 fs and the probe pulse is a 90 fs Fourier limited pulse for both simulations. The resonance frequencies encountered at 2 in C 2 D 2 are indicated by the horizontal arrows. The pump frequency sweep is the solid line. The Lorentzian bandwidths of the excited states ͑solid plot͒ are shown and may be compared to the broad 290 cm Ϫ1 pump field bandwidth ͑Gaussian dot plot͒ on the righthand panel.
To determine the lifetime e of each excited state as well as the chirp of the pump and probe pulses ␣ p and ␣ s , we perform a multifit operation. It involves a simplex optimization of the Err function defined as follows:
with the index n linked to the nth pump-probe signal ͑such as photoion or photoelectron spectrum, for C 2 H 2 and C 2 D 2 ), N n is the number of data points in the pump-probe signal, and Err n is the error to minimize for each delay. The input parameters are the Fourier limited duration of the VUV pump and probe pulses as well as the resonance detuning ␦ p between the pump carrier frequency and the maximum of the absorption band for each of the excited states. Figure 10 shows the experimental data at 1 ͑closed squares for the C 2 H 2 and C 2 D 2 data, and open circles for Xe͒ together with the fits ͑solid and dotted lines͒ obtained from the multifit procedure described above. Note that the timedependency of the photoelectron is the one observed in Figs. 5͑a͒ and 5͑b͒. The top curves show ͑a͒ the acetylene and ͑c͒ deuterated acetylene total electron signal and ͑a͒ the Xe ion signal. The bottom curves present ͑b͒ the acetylene and ͑d͒ deuterated acetylene ion signal with the Xe fit only. The fits are in reasonable agreement with the time-resolved signals. The chirp of the pump pulse results in a pulse lengthening from 50 to 320 fs. We find a significant chirp of the probe pulse resulting in a pulse lengthening from 90 to 340 fs, slightly longer than the 260 fs estimation. This leads to a cross-correlation time of 470 fs obtained from the Xe ϩ signal. The results from the multifit procedure are displayed in Table I .
B. Results and discussion at 1
The similarity between the cross-correlation and the electron signal in Fig. 10͑a͒ clearly indicates that the temporal resolution is not sufficient to determine the decay time of the excited state. The time dependence of the C 2 H 2 ϩ ion signal ͓Fig. 10͑b͔͒, however, is significantly slower than that measured in the PES. We attribute this difference to a more selective decay channel for the measured electron spectra. The photoelectron spectrometer lens makes the transmission highly directionally selective. The detected electrons are emitted in a narrow cone ͑less than 1°) in the horizontal plane, while the ion time-of-flight spectrometer has nearly 4 transmission. The transition to the F 1 ⌺ u ϩ Rydberg state is a ⌺ ϩ -⌺ ϩ transition, preferentially selecting acetylene molecules with the CC axis parallel to the polarization of the pump field. The entrance axis of the photoelectron spectrometer is perpendicular to both pump and probe polarizations. We propose two explanations for the striking difference between the ion and electron signals. One possibility assumes a resonant pump-probe excitation scheme where no photoelectron emission takes place in the horizontal plane whatever the transient state encountered during the dynamics. Then the time-dependence observed in the PES would follow the cross-correlation signature resulting from nonresonant excitation and would be identical to the Xe cross correlation spectrum. However, for all time delays the PES shown in Fig. 5 clearly exhibits the signature of the F 4 0 2 state in the 2 4 Renner-Teller multiplet.
A second explanation involves two dissociation processes, where one is monitored in the electron spectrum. A fast dissociation process producing electrons emitted predominantly in the horizontal plane and visible with an angular selective photoelectron detector, and a slower process emitting electrons mainly in other planes would explain this discrepancy. The 4 detection ion signal contains the two dissociation channels, however, the slower one is the dominant channel. This has similarly been observed by recording photofragment action spectra of the C 2 H radicals for a Table I . 6, 33 These spectra indicate two open dissociation channels: ͑i͒ a very fast dissociation ͑femtosecond time scale͒ in a quasi-linear geometry leading to fast H fragments and to C 2 H(A 2 ⌸) fragments with low vibrational excitation in the stretching modes; and ͑ii͒ a slower dissociation ͑picosecond time scale͒ taking place in nonlinear geometry and leading to slow H fragments and C 2 H(A 2 ⌸) fragments with a broad, structureless statistic-like energy and isotropic angular distributions. 6, 33 This broad internal energy distribution in the C 2 H(A 2 ⌸) fragments corresponds to highly excited bending levels, as was recently shown by the analysis of the C 2 H fragment emission spectra, 11 and is compatible with a slow dissociation process leaving time to the nuclei for large amplitude bending motion.
For the F Rydberg state and E state, the photofragment action spectra of Ref. 6 were recorded after excitation to the vibrational 2 0 1 and 4-5 0 2 levels, respectively, leading to similar conclusions. 6 The angular emission patterns for the states measured in this study might provide conclusive information about this matter. A study of the photoelectron spectra from these states using an imaging detector would be an advantage, 34 as recently achieved in other femtosecond timeresolved experiments on photodissociation dynamics 35 and intersystem crossing. 36 Relevant information to understand the difference between the ion and the photoelectron decay might also be obtained by comparing the angular dependence of ns-PES and fs-PES. In reality, even for dissociation which is fast compared to the rotational period of the parent molecule, we would expect that the predissociation occurs with a significant change of geometry. 35 This would lead to dynamics visible in the electron kinetic energies and intensities, and in the angular dependence of electron emission. Clearly our experiment would benefit by having a higher photon energy in the probe pulse where fragment states could be ionized.
We can compare our value of 200 fs with the 140 fs lifetime estimate from the spectral linewidth of D ϩ photofragmentation from the E 5 0 2 valence state in C 2 D 2 ͑see Table  I͒ . The photofragment action spectra of the C 2 D radical does not show an angular dependency as strong as the ones observed in C 2 H, while still exhibiting two dissociation channels. 6 This is in line with the similarity that we observe between the decay times observed for the ion and angleselected photoelectron signal.
C. Results and discussion of 2
The discussion regarding the excitation of two states with the same pulse makes it clear that the analysis of the spectra will be more complex than for the first excitation wavelength. The analysis is done on seven different sets of pump-probe signals: the two temporal components in the electron spectra and the ion yield for both isotopes, the xenon cross-correlation data. The time-dependencies of these spectra are presented in Fig. 10 . The fit is carried out in the same way as earlier; the fixed input parameters are the Fourier limited pulse durations, the resonance detunings, and the decay behaviors found at 1 The fitted values for these parameters are displayed in Table I . The lifetimes of the electronic states deduced from the width of the action photodissociation peaks 6 are included in the table for comparison. It is worth noting that lifetimes evaluated in Ref. 6 always have to be taken as lower limits, since it is assumed that observed bandwidths exclusively originate from predissociation broadening. This point has been discussed in Ref. 11 ͑Fig. 3͒ where, for instance, the apparent very short lifetime of the H Rydberg state actually results from two broad overlapping transitions and, therefore, has to be corrected by first deconvoluting these overlapping bands.
We expect the chirp to be about the same for both wavelengths, which is confirmed by the fitted value of 280 fs for the pump and 340 fs for the probe pulse. The fact that the chirp on the visible light pulse deduced from the multiparameter fits is identical for the two wavelengths studied speaks in favor of our analysis method. Figure 11 shows the fits including separate contributions from each state. The good agreement between the fits and the PES time dependence again confirms the validity of the multifit procedure. The more complex fit is a more stringent test of the model since two time-energy benchmarks with a known decay time and detuning are used to describe the F 4 0 2 in C 2 H 2 and the E 5 0 2 state in C 2 D 2 .
Looking at the plots in Fig. 11 we see that before 200 fs in C 2 H 2 and 300 fs in C 2 D 2 the features discussed at 1 dominate. This is expected since the pump frequency sweep will reach the state of lower absorption energy first. The relative weights of the components should be determined by the pulse energy distribution and by the oscillator strength for the transition as well as by their respective detunings. In C 2 H 2 the stronger feature corresponds to the F state relative to the E state confirming the weight ratio obtained by integrating the absorption bands of the two states over the broad pump bandwidth. In addition, for the same decay time, a positive detuning will lead to a slightly stronger pump-probe signal than a negative detuning, and this effect increases with the chirp of the pump pulse. 32 This behavior is stronger in the ion signal than in the photoelectron signal, possibly due to a strong angular dependence of the photoelectron emission from the F state compared to the E state. In C 2 H 2 , the E valence state lifetime is significantly longer than the Rydberg state lifetime, confirming the results deduced from spectroscopy on H photofragments. 2, 3, 22 In the C 2 D 2 spectra the intensity distribution of the exciting pulse accounts for the intensities of the two features. An interesting result is the significant difference in the decay times observed in C 2 D 2 : the excitation of the cis mode seems to lead to a faster predissociation dynamics than the excitation of the trans mode. This tendency is also observed in the H photofragment spectrum. 6 Finally, the ion signal can be reproduced from an incoherent sum of the two pump-probe signals. In agreement with that already observed at 1 in C 2 D 2 , the decay time deduced from the ion signal is of the same order of magnitude as the PES decay time. No strong angular dependence of the PES is expected.
V. CONCLUSIONS
Ultrashort VUV pulses allow photoinduced dynamics for higher valence-excited states in molecules to be studied. However, in this excitation range, the electronic state density is significant making any meaningful temporal analysis difficult. In order to distinguish the electronic states excited by a pump pulse which overlaps two or more levels, we have combined a PES analysis with a linear chirp of the pump frequency. The pump chirp supplies a time-energy scale such that each electronic excited state can be identified in the PES. We illustrate this method on the predissociation of F and E states in C 2 H 2 and C 2 D 2 .
The simultaneous analysis of the time-dependent electron and ion-yield spectra together with the Xe crosscorrelation data reveals the time-dependent evolution of each electronic state. In acetylene we find lifetimes between about 20 and 200 fs, in d-acetylene these lifetimes are somewhat longer, ranging up to about 600 fs. The difference between the electron and ion-yield time dependencies is interpreted by the angle selectivity of our electron spectrometer, which detects only those electrons emitted with a given symmetry.
A VUV femtosecond pulse would also be useful as a probe, to directly photoionize the atomic photofragments, so that the electron kinetic energies and angular distributions could be recorded or to reach the excited states of ion. In that case, nonadiabatic coupling via a photoionization pumpprobe experiment might be elucidated by photoionization dynamics in the excited states of the ion. 37 In many small polyatomic molecules, a VUV femtosecond probe pulse would be particularly useful for this kind of application.
